I. INTRODUCTION
Spin injection in semiconductors is a fundamental problem for developing spintronic devices due to the well known impedance mismatch between semiconductors and ferromagnetics.
1 III-V diluted magnetic semiconductors ͑DMS͒ 2,3 was then proposed as an alternative system for spintronic devices with the advantage of introducing new functionalities that are difficult to be implemented in metallic structures, such as electrical control of both the coercivity 4 and the Curie temperature. 5 The magnetic properties of III-V DMS are well explained by an indirect exchange mechanism in which the ferromagnetism ͑FM͒ between magnetic ions are mediated by free carriers. Unfortunately the relatively low Curie temperatures ͑T C Ͻ 180 K͒ of III-V DMS are not appropriate for most practical applications. The prediction of a stable long range magnetic ordering at high temperatures for other transition metal ͑TM͒ doped semiconductors, 6 specifically for the Mn-doped GaN and ZnO, followed by the observation of room temperature FM ͑RTFM͒ has stimulated a large effort on the research of those materials.
In spite of extensive studies, understanding the magnetic properties of TM-doped ZnO systems still remains a controversial issue, mostly due to the low-reproducibility of the results from samples grown by different preparation methods. 7, 8 Experimentally, there are conflicting reports pointing that samples grown under similar conditions may present ferromagnetic or paramagnetic behavior at room temperature.
9,10 The RTFM observed for some samples has been attributed to different origins, including the original model based of FM mediated by free carriers or by shallow donor-electrons forming bound polarons, 11 and alternative explanations such as the formation of a magnetic secondary phase 12 and TM-rich nanocrystals. 13 A conclusive analysis on the presence of the microstructures assigned to those alternative explanations of the RTFM is, however, a difficult task that requires additional analysis than standard characterization techniques. 14 In the present work we report a detailed study of the microstructure and the magnetic properties of Zn 1−x Co x O bulk samples with Co molar concentrations of 4%, 8%, 12%, 15%, and 21% prepared by a standard solid-state reaction method. Magnetic results demonstrated an absence of ferromagnetic order at room temperature in all samples. We performed a detailed microstructural characterization by conjugating several different techniques, in order to understand the origin of the paramagnetic behavior of the samples considering the proposed models for the magnetic properties of TM-doped ZnO.
II. EXPERIMENT
Polycrystalline Zn 1−x Co x O ͑x = 0.04, 0.08, 0.12, 0.15, and 0.21͒ bulk samples were prepared by the standard solidstate reaction method. Stoichiometric amounts of ZnO ͑99.998%͒ and Co 3 O 4 ͑99.7%͒ were mixed and ball milled for 5 h using Zn spheres. The resulting powder was cold compacted by an uniaxial pressure of 600 MPa in the form of pellets ͑green pellets͒. The green pellets were finally sintered in oxygen atmosphere at 1400°C for 4 h. The crystalline structure of the samples was studied using a Philips x-ray diffractometer ͑XRD͒ employing Fe K␣ radiation and a graphite monochromator. XRD data was recorded in the range of 2 = 35.00°-65.00°with steps of 0.01°at 1.2 s/step. Structural analysis was performed using the Rietveld method as implemented by the software package FULLPROF. 15 The microstructure and the composition distribution were also characterized using a scanning electron microscope ͑SEM͒ and an energy dispersive x-ray spectrometer ͑EDS͒. To determine the valence state of the Co dopant in the ZnO lattice, Co K-edge x-ray absorption near edge structure ͑XANES͒ was measured in the transmittance mode at the XAS beamline from the Brazilian Synchrotron Light Laboratory ͑LNLS͒, Campinas, Brazil. Raman spectroscopy was used to study the Co incorporation on the ZnO matrix and the resulting lattice disorder as well as to analyze the formation of segregated secondary phases. Raman was carried out at room temperature using a Jobin-Yvon-64000 micro-Raman system in the backscattering geometry using the 488 nm line of an Ar + laser for excitation. We used an optical objective of 100ϫ magnification, which gives an average laser spot size of 1 m. Magnetic measurements were performed using a superconducting quantum interference device magnetometer. Figure 1 shows the XRD results for the whole set of samples. The observed peaks correspond to those expected for polycrystalline wurtzite ZnO and present relative narrow line-widths. The results reveal a high crystalline quality for all samples. No indication of additional phases were observed within the detection limit of the measurement. The lattice parameters obtained from the XRD measurements are presented in Fig. 2 . There is no significant change in the wurtzite cell lattice parameters as the Co concentration is increased. This result indicates that the ionic radii ͑r͒ of the Co atoms incorporated in the material should be very close to the ionic radii of Zn in the ZnO matrix. For the ZnO wurtzite structure, the Zn is tetrahedrally coordinated with valence 2+ and r = 0.60 Å. The closest ionic radii assumed by Co is when it is also tetrahedrally coordinated with valence 2+ ͑r = 0.58 Å͒. 16 Therefore, our results indicates that Co replaces Zn ions in the ZnO matrix with a 2+ valence. Figure 3 shows representative SEM images of our samples that reveal intergrannular fractured surfaces. A series of full scans over large areas confirm the absence of Co-rich nanoclusters. Furthemore, SEM results show no evidence of secondary phases in our samples. The effective Co concentrations of the Zn 1−x Co x O samples ͑x E ͒ were also measured by EDS analysis and are presented in Fig. 3͑f͒ as a function of the nominal Co concentration ͑x N ͒. We observe a good agreement between the measured and the nominal concentration values.
III. RESULTS AND DISCUSSION
XANES spectra give information on the coordination symmetry and the valence of ions incorporated in a solid. The energy of the absorption edge shifts according to the valence of the absorbing ion, since the binding energy of bound electrons rises as the valence increases. Also, the shape of the absorption edge depends on the unfilled local density of states and the coordination symmetry of the absorbing element. Figure 4 shows the XANES spectra obtained for our Zn 1−x Co x O samples at room temperature. All spectra have similar features, except by small differences on the relative peak intensities at the pre-edge regions. This is an indication that there is no significant structural distortion around the Co ions for different doping levels. Generally, the intensity of the pre-edge peak increases linearly with the substitutional incorporation of a TM in a solid due to a progressive participation of the 3d orbital in the bonding. 17 The inset of Fig. 4 presents in fact the linear evolution of the intensity of the pre-edge peak relative to the white line maximum. The valence of the dopant ions can be analyzed by comparing their resulting edge structure from those obtained from reference samples. In Fig. 4 we also present XANES spectra from Co ions from oxides with various metal oxidation states. The comparison with the spectra from our samples indicate that Co assumes predominantly the 2+ oxidation state, which corroborates the XRD results.
Raman spectra from our set of samples are shown in Fig.  5 . The Zn 1−x Co x O samples, as well as ZnO, presents the wurtzite structure for small Co compositions. 18 In this case, only the A 1 , E 1 , and E 2 modes are Raman active, 19 where the A 1 and E 1 are optical phonon modes ͓transversal optical and longitudinal optical ͑LO͔͒ and the E 2 is a nonpolar mode. The frequency of ZnO modes are well established in the literature. 19, 20 We observe a series of narrow peaks centered at 330, 380, 410, and 438 cm −1 , that are assigned to the E 2 ͑H͒ − E 2 ͑L͒, A 1 ͑TO͒, E 1 ͑TO͒, and E 2 ͑H͒ ZnO modes, respectively. The peaks are observed for all samples but they are better defined for the sample with the lowest Co content ͑x = 0.04͒. We also observe a broad band at ϳ500-600 cm −1 . The broad band seems to enclose several peaks, whereas the main ones are centered at ϳ550 and 580 cm −1 .The peak at ϳ580 cm −1 can be attributed to the overlap of the LO phonons of the A 1 and E 1 modes 19 but the peak at ϳ550 cm −1 cannot be attributed to a ZnO mode; it is indexed as an additional mode ͑AM͒. In pure ZnO, the A 1 ͑LO͒ and E 1 ͑LO͒ modes are usually very weak due to the destructive interference between the deformation and the Frölich potentials. 21 Nevertheless, crystalline disorder due to impurities or defects can result in the amplification of those modes due to the breaking out of the k-conservation law, giving rise to a broad band that reflects the density of phonon states around those frequencies, as observed for Ga implanted ZnO. 22 In our samples, Co atoms are also expected to introduce disorder in the crystal, which can explain the emergence of the broad band. For the sample with x = 0.04, the E 2 ͑H͒ peak is dominant, but as the Co composition increases, the broad band becomes the dominant feature of the Raman spectra, the inset of Fig. 5 shows that the relative intensity of LO and AM mode with respect to the E 2 ͑H͒ intensity increases almost linearly with effective Co concentration. Similar features around 500-600 cm −1 were observed in several works on TM, 18, [23] [24] [25] Ce, 26 and Sb-doped ZnO samples. 27 In those works the main peak of the broad band is, however, at ϳ530 cm −1 , and it has been attributed to complexes involving intrinsic defects, such as oxygen vacancies ͑V O ͒ and Zn interstitials ͑Zn i ͒. Based on correlations between different samples procedures and their magnetic properties it has been proposed that this peak is related to the origin of RTFM on ZnO. 28 Recently, theoretical calculations have been presented supporting that the RTFM on Co-doped ZnO systems can be a critical combination of doping and broadening of Co-related states due to the presence of intrinsic defects, resulting in an increase in the carrier-mediated interaction between magnetic ions. 29 A significant result from the Raman data is the complete absence of peaks related to segregated secondary phases, as it has been observed for some Co-doped ZnO samples. The most common secondary phases are CoO and Co 3 O 4 . 30, 31 CoO presents two sharp lines at 484 ͑weak͒ and 691 ͑strong͒ cm −1 associated to the A g and E g modes and a broad band between 500 to 600 cm −1 attributed to anharmonic interactions. 32 ͑F 2g ͒, 485 ͑E g ͒, 523 ͑F 2g ͒, 624 ͑F 2g ͒, and 693 ͑A 1g ͒. 32 For both materials the peak at ϳ690 cm −1 is always the strongest one. We do not observe, however, any indication of a peak at this frequency for our set of samples. Therefore, Raman scattering results corroborates with the x-ray diffraction results, as it indicates that secondary phase segregation is absent in our samples.
We now proceed with the magnetic characterization. The inverse of the magnetic susceptibility as a function of the temperature is presented in Fig. 6 for our set of samples. The diamagnetic background of the ZnO matrix ͑−0.33 ϫ 10 −6 emu/ g͒ was determined by measuring an undoped ZnO sample used as a reference and then subtracting this value from the raw data. The results show a clear linear behavior for high temperatures. At this range, the magnetic susceptibility can be described using the paramagnetic Curie-Weiss equation
where both the Curie-Weiss temperature, ⌰, and the Curie constant per gram, C, should present a linear dependence on the TM concentration x: ⌰ = ⌰ 0 · x and C = C 0 · x. The constants C 0 and ⌰ 0 are defined as
and
where N is the number of cations per gram, g eff is the effective gyromagnetic factor of the Co ion, S =3/ 2 is the spin for Co 2+ , B is the Bohr magneton, z is the number of nearest neighbors ͑z = 12 in the wurtzite structure͒, J 1 is the effective exchange integral constant, and k B is the Boltzmann constant. The values of ⌰ and C obtained by fitting the results from Fig. 6 using Eq. ͑1͒ are presented in the inset of Fig. 6 as a function of the effective Co concentration. All samples present negatives ⌰, indicating an antiferromagnetic interaction between Co ions. We can also determine the parameters C 0 and ⌰ 0 by fitting the results presented in the inset of Fig.  6 . Finally, using the known values for the other constants involved in C 0 and ⌰ 0 in the Eqs. ͑2͒ and ͑3͒, we can estimate the two main magnetic parameters for Co 2+ : g eff = 2.72 and J 1 / k B = −28.5Ϯ 3.6 K. These values are in good agreement with other results obtained for Co 2+ in ZnO matrix 30, 33 and for other Co-doped II-VI semiconductor. 34 The observed absence of magnetic order in our samples is consistent with the absence of the main structures attributed to RTFM: Co-rich nanocrystals, segregated secondary magnetic phases and the specific defect related to the origin of the Raman band at ϳ530 cm −1 . Even though our samples present some concentration of defects, as demonstrated by the emergence of the Raman band at ϳ500-600 cm −1 , they are not efficient on enhancing the interaction between Co atoms, and therefore, do not promote RTFM.
IV. CONCLUSION
In summary, we have presented a complete microstructure and magnetic analysis of bulk Zn 1−x Co x O samples prepared through solid-state reaction method. Microstructure results confirm that Co ions substitute Zn ions in the wurtzite ZnO structure with a valence 2+. There is no indication of Co-rich nanoclusters or segregated secondary phases in the samples. Magnetization measurements reveal a Curie-Weiss behavior of the susceptibility at high temperatures characterized by the antiferromagnetic interaction between Co ions. Our results demonstrate that the substitution of Zn by the Co dopant in the wurtzite ZnO structure is not a sufficient condition to achieve RTFM, which seems to be critically dependent on the presence of some specific defects that alter the carrier distribution and affect the carrier-mediated interaction between the magnetic ions. 
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